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Background
The original BANDSLIP R1.0 was developed by Nielan and Benedetti of Sandia National Laboratories, Albuquerque, New Mexico, as a computational tool used to predict the dynamic behavior of "de-spun" munitions (1) . BANDSLIP R1.0 was distributed to the U.S. Army Ballistics Research Laboratory 1 in 1989 and was later successfully used to qualitatively predict the dynamic behavior of a 105-mm de-spun munition with the use of different slip-band designs (2) .
A munition is said to be de-spun when the munition's angular velocity is significantly less than its band's angular velocity; thus, the band slips on the munition, thus the name "slip band." With the emergence of smart munitions that possess advanced guidance for dynamic targeting capabilities, de-spun munitions are seen as the best approach for survivability of these finstabilized, canard-guided munitions because of the reduced aerodynamic loads on the fins and canards.
Theory
The cross section of a typical slip-band design is shown in figure 1 . From this figure, it is seen that the slip band rides on a section of material denoted as the band seat, which is outlined in the figure by dashed lines. From experience, it is recommended that the slip band ride on a polymer band seat for performance and reliability reasons (2) . The polymer band seat is permanently fixed to the sub-projectile and therefore, the band seat dynamic measurements (angular rotation, angular velocity, etc.) are equivalent to the attached sub-projectile. A design using a distinct band seat material relative to the slip band and the sub-projectile is referred to as a two-piece slip-band design. Conversely, if the band seat is provided by the sub-projectile material, it is referred to as a one-piece slip-band design. The base pressure is the pressure acting normal to the munition's surfaces rear of the band because of the propellant deflagration. The tube pressure is realized after the slip band is radially compressed when it passes through the gun's forcing cone and subsequently remains radially confined by the gun barrel inner wall. The effect of the tube pressure is to provide a compressive radial stress between the slip band and the band seat. The magnitude of the induced radial stress is difficult to determine and is not constant along its length (x-direction). However, since the code uses rigid body equations of motion (EoM), the mean radial-induced stress is prescribed as the input to BANDSLIP. The dynamic behavior of a de-spun munition is predicted via rigid body EoM coupled with a kinematic constraint equation. The slip band is kinematically constrained to rotate in accordance with the gun barrel rifling. With the subscripts "b" to denote band seat and "s" to denote slip band, the kinematic constraint is defined by equation 1, in which s ..
θ is the slip band's angular velocity, P base is the base pressure, A base is the munition's base area, R gun is the gun's bore radius, η is the lead of the rifling measured in calibers per revolution, and m is the total munition's mass. As previously noted, the base pressure acts on the munition's surfaces rear of the slip band; however, the net area over which the base pressure acts is the base area that is defined as the total projected area of the munition base onto a plane whose normal is coincidental with the centerline axis. The band seat, thus sub-projectile, moves according to the EoM condition specified by equation 2, in which s ..
θ is the sub-projectile's angular velocity, T is the applied torque, and I proj is the moment of inertia with respect to the sub-projectile's axis of symmetry, i.e., its centerline axis.
The transmitted torque T(t) of equation 2 is calculated as shown in figure 2. As shown by this figure, BANDSLIP compares the radial compressive contact pressure induced by gun barrel to the base pressure. When the base pressure magnitude is larger than the radial contact pressure, the slip band is unseated or "lifted," and the torque transmitted by the radial surface is lost. When the torque required to rotate the munition with the band cannot be maintained by the axial and radial surfaces, slip occurs. The relative velocity between these surfaces generates heat. The heat generation enables the melting of the slip band and/or the band seat materials at their interface. The low viscosity melted liquid interface cannot support torsion loads, thereby allowing slip. The munition's angular velocity is therefore limited to its angular velocity when both axial and radial surfaces have melted or the radial surface has lifted and the axial surface has melted. The one-dimensional (1-D) thermal model used to predict the onset of melting at the slip-band-band-seat interface is shown in figure 3 . The 1-D heat transfer problem is governed by equation 3 with the interface boundary condition given in equation 4. Using the subscripts "b" to denote band seat and "s" to denote slip band, U is temperature, α is the material's thermal diffusivity, k is the material's thermal conductivity. The heat flux, q″, is the product of the friction coefficient, µ, the contact pressure, P (which differs between the axial and radial interfaces), and the relative linear velocity, v rel , between the slip band and band seat. The dummy spatial variable ξ is used since this model is valid for both the axial (1D in x coordinate) and radial (1-D in r = y coordinate) interfaces.
Observation of equations 3 and 4 reveals that
• slip band and band seat are assumed to have sufficient thickness in order to be treated as semi-infinite materials;
• all work at the slip-band-to-band-seat interface generates heat;
• slip band and band seat are assumed to be homogeneous and isotropic;
• perfect contact is assumed in the heat generation term.
Solving the 1-D heat equation explicitly for the temperature at the interface (ξ = 0) yields
in which U(0,t) is the current temperature at the interface, and U(0,t-∆t) is the previous temperature interface. The development of equation 5 using the Laplace transform method is presented in appendix A (3).
With equations 1 through 5, the torque transmitted from the slip band to the band seat, thus the sub-projectile, can be calculated according to the program logic shown in figure 2 . Note that the model depicted in figure 1 shows that the axial and radial traction surfaces are normal and therefore independent of each other. This implicit assumption is brought to the foreground in view of the expression for the effective torque transmitted shown in figure 2 . Therefore a slipband design featuring non-constant coordinate surfaces, e.g., a radially tapered interface, cannot be accounted for because of the formulation in which the transmitted torque is calculated. Given the effective transmitted torque, the band seat's angular acceleration is calculated by equation 2.
The angular acceleration's anti-derivatives, i.e., angular velocity and angular rotation, are subsequently found via the method of first differences. For example, the angular velocity is found by
Similarly, the angular rotation is calculated by
Depending on the type of analysis, BANDSLIP R1.2 outputs certain dynamic parameters to ASCII (American standard code for information exchange) files for post-processing. 
User's Guide
Operating BANDSLIP R1.2 is straightforward. To run BANDSLIP R1.2, the source file bandslipR12.f must be successfully compiled (creating bandslipR12.obj), then simply linked against itself to create bandslipR12.exe (as opposed to the original version of the code, BANDSLIP R1.2 does not require linking against external libraries). The file bandslipR12.exe can be executed on a personal computer running a Microsoft (MS) operating system by the following procedure:
1. Find and execute bandslipR12.exe:
a. Open an MS command window. From the command window, change directories to where bandslipR12.exe, the analysis input file (AI file), and the base pressure input file (PI file) are located. Enter bandslipR12.exe at the command prompt.
OR
b. Locate bandslipR12.exe on the PC and double click the file to begin execution.
2. Upon doing this, the user will be prompted to enter the name of the AI file. A sample AI file is given in appendix B. Enter the name of this AI file, e.g., testband.in, at the prompt. The user will then be prompted to enter the name of the PI file.
3. The PI file is a two-column delimited ASCII file containing time versus base pressure data. A sample PI file is presented in appendix C. Enter the name of the PI file, e.g., testband. press, at the prompt. BANDSLIP R1.2 will then run to completion if no errors exist in the input.
The analysis input file is divided into four main sections. The first section is referred to as the analysis header section. The input in this section determines the type of analysis and the controlling parameters for each of these analyses. There are two types of BANDSLIP R1.2 analyses: SWEEP and HISTORY. A SWEEP analysis sweeps through the defined limits of the radial band pressure and slip-band-to-band-seat friction coefficients, or simply the friction coefficients, and reports the slip band design's initial slip time, lift time, axial and radial melt time, required base pressure needed to induce slip, sub-projectile rotation at exit, and subprojectile angular velocity at exit. The SWEEP analysis produces a family of solutions, from which the user with empirical knowledge of achievable tube pressure and friction coefficients can select the appropriate conditions to study in further detail. An example of a SWEEP analysis output is given in appendix D.
A HISTORY analysis outputs the time-dependent dynamic behavior of the band seat, thus the affixed sub-projectile based on a uniquely specified radial band pressure and friction coefficient. During a HISTORY analysis, BANDSLIP R1.2 reports the pressure, slip band angular acceleration and velocity, sub-projectile angular acceleration and velocity, axial interface temperature, radial interface temperature, and the distance traveled for each time step to the bandslip.out1 file. BANDSLIP R1.2 reports pressure, the transmitted torque, the maximum available torque, the required torque, the torque transmitted across the axial interface, the torque transmitted by the radial interface, and the projectile axial velocity for each step to the bandslip.out2 file. An example of each HISTORY analysis output file is shown in appendix E.
A new feature in BANDSLIP R1.2 is that ability to explicitly define the slip band and band seat materials in the analysis header section by a material identification number that is uniquely associated with a material defined in the material database section. This feature allows multiple materials to be defined in an AI file, allowing the user to easily switch materials for a given geometry.
The second section is the analysis parameters section where unit conversion factors are located. The third section is the analysis geometry section where the slip-band geometry is defined as well as the munition's moment of inertia with respect to the centerline axis. Note that this assumes that the location where the moment of inertia is taken resides on the centerline axis, i.e., the munition is axisymmetric. The last section is the material database. This section defines the relevant material properties needed for the analysis: density, thermal conductivity, specific heat, and melt temperature. A table defining the AI file input, units, and descriptions is presented in appendix F.
Summary
BANDSLIP R1.2 has successfully been revised and is now able to be run independent of external libraries or subroutines. 
Appendix A. Development of Equation 5 -Temperature at Slip-Band-BandSeat Interface
Equation 5 gives the temperature at the slip-band-band-seat interface as
Beginning with the governing partial differential equation and boundary condition given in equations 3 and 4 and taking the Laplace transform yields
Rearranging equation A-2 in Laplace space results in the ordinary differential equation The condition as ξ→ ∞, namely, U(ξ→∞,t) → U ∞ , implies that
; therefore, the coefficients A=D=0 of equations A-5a and A-5b, respectively. Also, imposing the condition that the slip band and band seat have identical temperatures at the interface, i.e., U s (ξ=0,t) and U b (ξ=0,t), prescribes B = C. The remaining unknown coefficient B, thus C, is chosen so that it satisfies the boundary condition at ξ=0 defined by equation A-2. 
Substituting the expression for B and C = B into equations A-5a and A-5b, respectively, and taking the inverse Laplace transform using the transform tables found in (3) yields
For the numerical analysis, as we step through time
The difference between t 2 and t 1 is
Finally, rearranging and recasting the equation in a more general form yields the expression for the interface temperature at time t as 
Appendix C. Sample BANDSLIP R1.2 Pressure Input File (testband.press)
.000e-3 .000e+6 .250e-3 1.154e+6 .500e-3 1.809e+6 .750e-3 2.686e+6 1.000e-3 3.916e+6 1.250e-3 5.604e+6 1.500e-3 7.883e+6 1.750e-3 10.910e+6 2.000e-3 14.875e+6 2.250e-3 20.000e+6 2.500e-3 26.545e+6 2.750e-3 34.813e+6 3.000e-3 45.145e+6 3.250e-3 57.924e+6 3.500e-3 73.349e+6 3.750e-3 91.921e+6 4.000e-3 114.098e+6 4.250e-
bandslip.out2 Output File
